Hand-reared wolves show similar, or stronger, attachment toward 1 human caregivers compared to hand-reared dogs 2 3 Abstract 10 Domesticated animals are generally assumed to display increased sociability towards humans 11 compared to their wild ancestors. Dogs (Canis familiaris) have the ability to form lasting 12 attachment, a social bond based on emotional dependency, with humans and it has specifically 13 been suggested that this ability evolved post-domestication in dogs. Subsequently, it is 14 expected that dogs but not wolves (Canis lupus), can develop attachment bonds to humans. 15 However, while it has been shown that 16-weeks-old wolves do not discriminate in their 16 expression of attachment behaviour toward a human caregiver and a stranger when compared 17 to similar aged dogs, wolves at the age of eight weeks do. This highlights the potential for 18 wolves to form attachment to humans, but simultaneously raises the question if this 19 attachment weakens over time in wolves compared to dogs. Here we used the Strange 20
Introduction 31
Animals have been a prominent part of human society ever since the dog (Canis familiaris) 32
was domesticated as the first species at least 15,000 years ago (Driscoll et al., 2009) . Attachment is a social bond based on emotional dependency, which is formed between two 42 individuals and endures over time (Ainsworth & Bell, 1970) . Originally described as the bond 43 between a human infant and its mother, attachment behaviour constitute any type of 44 behaviour performed by the emotionally dependent individual to promote proximity or 45 contact to the individual of attachment (Bowlby, 1958; Ainsworth & Bell, 1970 ). Ainsworth's 46 Strange Situation Procedure (SSP) is a highly influential method developed to empirically 47 investigate the attachment bond between human infants and their primary caretaker 48 (Ainsworth & Bell, 1970) . Based on the assumption that the attachment system is only 49 activated in challenging situations (Rehn et al., 2013; Prato-Previde & Valsecchi, 2014), the and the presence of a stranger (Ainsworth & Bell, 1970) . Attachment is quantified as the 53 behavioural discrimination between a primary caretaker and a stranger (Ainsworth, 1989; 54 Topál et al., 1998; Rehn et al., 2013) . Attachment behaviours animated by the SSP include 55 increased exploration and play when the attachment figure is present (i.e. secure base effect) 56 and proximity maintenance and contact seeking behaviour, in which the infant actively seek 57 physical contact with the attachment figure (Ainsworth & Bell, 1970) . In 1998, Topál et al. 58 adapted the SSP to dogs (i.e. the Strange Situation Test (SST)), and demonstrated that the 59 human-dog bond is comparable to that of a parent-child attachment bond. Since then multiple 60 studies have used the SST to demonstrate the presence of attachment behaviour toward for environmental effects, the animals in our study were raised within litters under identical 104 conditions and equally socialized prior to testing. Furthermore, to gain insight into the 105 presence of attachment behaviour at a later ontogenetic stage, our animals were tested at 23 106 weeks of age. While, young wolf puppies have been shown to form attachment with human 107 caregivers (Hall et al., 2015), we expected this attachment to weaken with age in wolves, and 108 thus predicted that dogs, but not wolves, would show attachment behaviour towards their 109 human caregiver when tested in the SST. Specifically, we predicted that wolves would not 110 discriminate between their caregiver and a stranger, by expressing similar levels of attachment 111 behaviours regardless of which person was present. caregivers for the first two months. Caregiver presence was decreased with a few hours a day 134 from the puppies were two months, and this decrease was gradually increased so that they at 135 four months of age would spend every other night without a caregiver present. All wolf and 136 dog litters were reared under standardized conditions. Puppies were reared in identical indoor 137 rooms until they were five weeks old and here after given access to smaller roofed outdoor 138 enclosures. At six weeks of age, after a week of habituation to the roofed outdoor enclosure, 139 puppies were given access to a larger fenced grass enclosure. From the age of six weeks the 140 puppies had free access to all three enclosures during the day and access to the indoor room 141 and the roofed enclosure during the night. At three months of age puppies were moved to 142 large outdoor enclosures (2,000 square meters), in which they remained for the rest of the 143 study period. Dogs and wolves were kept separate throughout the entire period. Behavioural 144 observations were initiated immediately at 10 days of age and behavioural testing was 145 initiated at six weeks of age. Caregiving, socialization procedures, enrichment, testing 146 procedures and exposure to the new environments were standardized over all three years. 147
Puppies were not disciplined or trained. From the age of eight weeks puppies were gradually 148 introduced to strangers through the fence, always with the support of one or more caregivers. 149 weeks ± 0.3). The experimental design was identical to that of Topál et al. (2005) . Briefly, the 153
Strange Situation Test adapted to dogs consists of seven experimental episodes, each lasting 154 two minutes, in which the presence and absence of a familiar person and a stranger in a test 155 room with the focal animal is alternated ( F leads the animal into the test room, closes the door and sits down in one of two chairs and reads from a paper in silence. After 1 min F initiates play with the animal. F stops playing after 2 min as S enters the room.
F+S 2-4
S enters the room and stops for up to 5 s, allowing the animal to greet, and then sits down in the vacant chair. After 30s S initiates a friendly chat with F. After 30s S stops chatting with F, stands up and initiates play with the animal. F then leaves as quite as possible.
S 4-6
S continues to play/initiates play with the animal. After 1 min S stops playing and returns to the chair. If the animal initiates contact, S is allowed to reciprocate physical contact by petting it.
4
F 6-8 F calls the animal from outside the room. After entering the room, F stops for up to 5s to allow the animal to greet and then goes to the chair and sits down. S leaves. F initiates play with the animal for 1 min and then returns to the chair. If the animal initiates contact, F is allowed to reciprocate physical contact by petting it. At the end of the episode F says 'I must go, stay here' and leaves the room.
-8-10
The animal is alone in the room.
6
S 10-12 S enters the room and stops for up to 5s to allow the animal to greet, and then initiates play with the animal. After 1 min S sits down in the chair. If the animal initiates contact, S is allowed to reciprocate physical contact by petting it.
7
F 12-14 F calls the animal from outside the room. After entering the room, F stops for up to 5s to allow the animal to greet. S leaves the room while F stimulates the animal to play for 1 min and then sits down in the chair. If the animal initiates contact, F is allowed to reciprocate physical contact by petting it.
The familiar person was a primary caregiver, who had raised all the litters from 10 days of 163 age and was the hand-raiser who had spent most time with the animals. The stranger had 164 never met the dogs or the wolves prior to the experiment. The same familiar person and 165 stranger were used in all tests. In the 6x6 meter test room, two chairs were placed in the 166 middle of the room, 1.5 m from each other and facing in the same direction. Seven toys from 167 the animal's home enclosure, such as balls, rope and rubber toys, were distributed across the 168 floor in the test room. Tests were filmed with two diagonally mounted GoPro cameras (model 169
Hero, 3, 3+, 4, GoPro Inc.). base effects, and proximity and contact seeking were scored using an ethogram (Table 2) . 174
These seven behaviours were divided into a) continuously measured behaviours, which 175 included exploration, passive behaviour, physical contact, social play and standing by the 176 door, and b) scored behaviours, which included following and greeting ( 
Secure base

Passive behaviour
Sitting, standing or lying down without any orientation towards the environment (this includes grooming), while F and/or S are present, and during episode 5 when the animal is alone.
Secure base
Physical contact
Bodily contact initiated by F or S (e.g. petting, touching) or the animal.
Proximity/ contact
Social play
Motor activity performed when interacting with F or S; including running, jumping, active physical contact and chasing toys.
Secure base
Stand by the door
Standing within 1 meter of the door and facing towards the door.
Proximity/ contact b) Scored behaviours
Following Conditional scoring between 0 and 3 of following F and S leaving the room while the other person stays behind. Score 0: no orientation towards the leaving person at all, or only for less than 1s. Score 1: orientation towards the leaving person for more than 1 s. Score 2: following the leaving person to the door. Score 3: trying to get through the door or standing by the door for more than 1s. The mean based on scores from episode 3, 4 and 7 is used as total score.
Proximity/ contact
Greeting The behaviour of the animal towards the entering F or S, scored using one of five categories: approach initiation (+1): the animal moves towards the entering person; full approach (+1): the animal approaches the entering person until physical contact is made; avoidance (−1): avoidance behaviour towards the entering person, such as backing or getting out of the way of the entering person; durable physical contact upon greeting (+1/2): the animal spends more than 3s in bodily contact with the entering person; delay of approach (−1/2): when F or S enters, the animal hesitates to initiates any form of approach for more than 5s. Scores are summed up to a total score (maximum 5 since each person entered twice) Proximity/ contact Shapiro-Wilk test (Razali & Wah, 2011), we found that the two variables passive behaviour 202 and social play were not normally distributed. We therefore arcsine transformed these two 203 variables prior to statistical testing (Table S1) Table S2 ). All behaviours were 208 divided into two main categories: 1) 'In the presence of the familiar person', which refers to 209 those episodes in which the familiar person was present (1, 2, 4, 7), and 2) 'In the presence of 210 the stranger', which refers to those episodes where the stranger was present (2, 3, 6). We used 211 a General linear model (GLM) for repeated measurements where the proportions of the 212 presence of the familiar person and the stranger were classified as the within-subject factor, 213 and dogs and wolves as the between-subject factor (Table S3 ). In post-hoc comparisons, we 214
used t-tests for between-groups comparisons and paired t-tests for within-group comparisons
To evaluate whether a familiar person functioned as a secure base, we compared the activity 222 level in wolves and dogs in the presence of the familiar person with the activity level in the 223 presence of the stranger. 224
225
Exploration was significantly more common in the presence of the familiar person than in the 226 presence of the stranger (F 1,20 =7.968, P=0.011, Figure 1 , Table S3 ). There was no species 227 difference in the expression of explorative behaviour (F 1,20 =1.928, P=0.180, Figure 1 ) and no 228
interaction between species and test person (F 1,20 =0.056 P=0.815). Upon testing whether 229 wolves and dogs explored less in the presence of the stranger we found this to be the case in 230 wolves (paired t-test: t 10 =2.888, P=0.018, Figure 1 , Table S4 ) but not in dogs (t 12 =1.622, 231
P=0.133). 232 233
The expression of passive behaviour was low in both wolves and dogs and not affected 234 differently by the presence of the familiar person and the stranger in either species 235 (F 1,20 =0.053, P=0.820, Table S3 ). There was no interaction effect (F 1,20 =0.112, P=0.741), but 236 overall dogs were significantly more passive than wolves (F 1,20 =14.393, P=0.001), both in the 237 presence of the familiar person (t=2.862, P=0.014, Table S4 ) and in the presence of the 238 stranger (t=3.151, P=0.008). 239
The expression of social play was not affected differently by the presence of the familiar 241 person and the stranger (F 1,20 =0.371, P=0.549, Table S3 ). There was no interaction effect 242 (F 1,20 =0.461, P=0.505), but overall dogs were significantly more playful than wolves 243 (F 1,20 =12.543, P=0.002), and played more than wolves with both the familiar person (t=4.650, 244 P=0.001, Table S4 ) and the stranger (t=3.149, P=0.009) . Table S4 ). Note that species 252 differences not relating to the ability to discriminate between familiar person and stranger are not indicated in The occurrence of physical contact was not affected differently by the presence of the familiar 263 person and the stranger (F 1,20 =3.183, P=0.090, Figure 1 , Table S3 ). There was no species 264 difference in time spent in physical contact with the familiar person and the stranger 265 (F 1,20 =3.109, P=0.093) and no interaction effect (F 1,20 =0.001, P=0.970). 266
267
Greeting behaviour was scored when the familiar person or the stranger entered the room, 268 which occurred during episode 2, 4, 6 and 7. Greeting was higher for the familiar person than 269 for the stranger (F 1,19 =10.225, P=0.005, Table 3 , Figure 1 , Table S3 ). There was no difference 270 between dogs and wolves in their expressions of greeting behaviour (F 1,19 =0.637, P=0.435) 271 and no interaction effect (F 1,19 =2.113, P=0.162). Upon testing whether wolves and dogs 272 greeted the stranger less than the familiar person we found this to be the case in wolves 273
(paired t-test: t 10 =2.403, P=0.043, Figure 1 , Table S4 ) but not in dogs (t 12 =1.820, P=0.096). 274
275
The familiar person was followed at a higher degree when leaving the room compared with 276 when than the stranger left the room (F 1,19 =73.134, P<0.001, Figure 1 , Table S3 ). We found a 277 species difference in the proportion of following (F 1,19 =27.473, P<0.001), where wolves 278 followed the stranger more than dogs (t 19 = -5.241, P<0.001, Table S3 ). While we found a 279 significant interaction between test person and species (F 1,19 =27.473, P<0.001), there was no 280 species difference in following the familiar person as all wolves and dogs followed the familiar person when she left the room. We found a significant interaction between test person 282 and species (F 1,19 =27.473, P<0.001). Upon testing whether wolves and dogs followed the 283 stranger less than the familiar person we found this to be the case in both wolves (paired t-284 test: t 10 =2.683, P=0.028, Figure 1 , Table S4 ) and dogs (t 12 =9.449, P<0.001). 285
286
Overall, the animals stood less by the door when a familiar person was in the room compared 287 to when a stranger was in the room (F 1,20 =18.346, P<0.001, Table S3 ). Wolves stood more by 288 the door compared to dogs (F 1,20 =5.391, P=0.031). There was a significant difference between 289 wolves and dogs in standing by the door when a familiar person was present with wolves 290 standing more by the door (t=3.301, P=0.006, Table S4 ). However both species stood more 291 by the door in the presence of the stranger (paired t-test: t 10 =-2.626, P=0.028, Table S4 ) and 292 dogs (t 12 =-3.534, P=0.005) and there was no species difference in the presence of the stranger 293 (t=1.201, P=0.244, Table S3 ) and no interaction effect (F 1,20 =1.050, P=0.318). 294 295 296
Activity when alone 297
In episode 5 the animal was alone in the room. The behaviours expressed during this time 298
were exploring the room and standing by the door. There was no significant difference 299 between wolves and dogs in explorative behaviour (mean proportion of time exploring +SE: 300 Dogs: 0.44 +0.06, N=12, wolves: 0.58 +0.06, N=10, t-test: t= -1.624, P=0.120, and proximity and contact seeking by greeting the caregiver more than the stranger. Our 319 results provide the first evidence that wolves show attachment toward humans comparable, if 320 not stronger, to that of dogs at later developmental stages and further suggest that the ability 321 to form attachment to humans did not evolve post-domestication. but not the stranger, every time she left the room. Additionally, both wolves and dogs stood 337 less by the door when a familiar person was in the room compared to when a stranger was in 338 the room, thereby suggesting that both species attempted to maintain proximity when 339 involuntarily separated from the familiar person (Ainsworth & Bell, 1970; Topál et al., 1998) . interest in human-directed play, and does not necessarily represent an expression of low 374 attachment (i.e. secure base effect) to the familiar person. On the contrary, the significant 375 increase in exploratory behaviour in wolves, but not dogs, in the presence of the familiar 376 person compared to the stranger confirm that the wolves indeed used the familiar person as a 377 secure base, and thus an attachment figure (Ainsworth, 1989) , during the test. 378
379
While wolves did follow the stranger when she left the room to a larger degree than dogs, we 380 do not find it likely that this behavioural difference is founded in a weaker attachment to the familiar person in wolves compared to dogs. Unlike dogs, wolves do not seem to generalize 382 familiarity with human hand-raisers to strangers (Zimen, 1987; Lord, 2013) and even though 383 both wolves and dogs had met strangers before (though not the person acting as the stranger 384 in the test), this was limited to greeting through the fence. Thus, the situation created during 385 the SST was unusual for both wolves and dogs. We therefore have no reason to believe that 386 the wolves viewed the stranger as a potential attachment figure and further note that like dogs, 387 wolves did follow the familiar person significantly more than the stranger. This suggests that 388 wolves discriminated between the two persons in the room during the test. Additionally, 389 wolves stood more by the door than dogs in the presence of either test person. However, 390 wolves were visibly more motivated to exit the room compared to dogs during tests, and we 391 therefore find it plausible that standing by the door from which they entered the room at the 392 beginning of the test, as well as following the leaving stranger, was based in a motivation to 393 exit the room. Therefore, as in the case with following behaviour, we find that standing by the 394 door while the familiar person was in the room is unlikely to reflect weak attachment to the 395 familiar person. This is also supported by wolves, as well as dogs, stood more by the door 396 after the familiar person had left the room and the animals were alone with the stranger. 397
398
In sum, wolves discriminated between a human caregiver and a stranger in in our study, 399 which suggests attachment expressed toward a human caregiver. Thereby, our findings do not 400 support the hypothesis that the ability to form attachment with humans was developed post-401 domestication in dogs (Topál et al., 2005) . Instead, we show that continuously socialized 402 wolves express attachment to human caregivers as late as 23 weeks of age, which indicates 403 that attachment behaviour does not weaken with age in wolves. differences and similarities in the behavior of hand-raised dog and wolf pups in social situations with
